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Abstract 
This work describes the development of the Laser Chemical Metal Deposition (LCMD) process for silicon solar cell 
metallisation. The LCMD process can be considered as an advanced and promising method for solar cell 
metallisation. With LCMD a metal seed layer is created on the surface of a silicon wafer. Subsequently, the seed 
layer is thickened by a plating process. It is a low temperature metallisation scheme that does not need any additional 
masking processes. In this work different nickel solutions and laser configurations were analyzed. Variations of laser 
power, repetition number and scan speed were performed and the resulting contacts were characterized. With the 
optimized parameters, silicon solar cells with efficiencies up to 17.9 % have been processed and demonstrate the 
great potential of LCMD. 
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1. Introduction 
In order to create metal contacts for silicon solar cells the standard process is screen printing. It is a 
well researched and robust process, but screen printed contact fingers are relatively wide, which leads to 
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great shadowing losses. Moreover, they have a relatively low specific conductivity [1]. One approach to 
create improved front-side metallization contacts is based on thickening thin seed layer contacts by 
galvanic plating. Different technologies like aerosol printing, pad printing, laser transferred contacts or 
chemical plating are researched to produce the seed layer [2],[3],[4]. In this paper we will demonstrate the 
potential of Laser Chemical Metal Deposition (LCMD) a process, which was introduced for solar cells by 
D. Rudolph et al. [1], as a novel technique for the formation of the thin metal seed layer. With the LCMD 
method it is possible to open the anti-reflection coating (ARC) and create a metal seed layer to contact the 
emitter in only one process step. Other investigations on LCMD and similar processes can be found in 
[5],[6],[7]. 
2. Theory 
A schematic illustration of laser-induced chemical metal deposition can be seen in Fig. 1. It shows that 
by laser radiation, a temperature rise in both the solution and the substrate is induced. The anti-reflection 
coating (ARC) is ablated at the laser-irradiated regions, above a certain threshold laser power. Through 
the radiation the silicon at the surface is heated and the laser light generates electron hole pairs in the solar 
cell. The electrons move to the surface and lead to the metal deposition from the liquid plating bath [1]. 
The thermal and the photochemical effect, could be responsible alone or together for the deposition [8].  
The grid pattern is defined directly by laser-opening of the SiNX layer, because of that, no additional 
masking layer is necessary for this process step. 
To obtain low contact resistances nickel was chosen, as seed layer metal, because the energetic barrier 
between silicon and nickel is low. Additionally nickel silicides might be formed during the processing, 
which show low contact resistance and improved adhesion [9-12]. 
 
Fig. 1: Schematic illustration of the laser-induced nickel deposition. When the sample is irradiated by laser light the ARC is ablated 
and Ni is deposited on the Si surface. Figure taken from [1]. 
3. Experimental Setup 
The experimental setup that was used in order to create the metal seed layer is illustrated in Fig. 2. 
A green 532 nm continuous wave (CW) laser “Millenia” from Spectra Physics is utilized for the local 
irradiation of a silicon wafer. A laser at 532 nm was chosen because absorption at this wavelength in the 
electrolyte is relatively low but relatively high in silicon. Through that it is possible to mainly heat up the 
surface near area. Because the metal deposition process seems to be rather slow a continuous wave laser 
was chosen. The wafer is positioned in a petri dish and immersed in an aqueous nickel electrolyte. The 
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electrolyte is at room temperature. The laser spot has a diameter of about 15 μm. The laser power loss 
over the experimental setup is about 21 % (measured before entering the electrolyte). The given laser 
power in the following experiments is always the laser power that is measured at the exit of the laser. 
After scanning the surface of the wafer the metal seed layer is formed. Subsequently, the seed layer is 
thickened by light induced electroless plating (LIEP). The composition of the aqueous electrolyte 
solution, the height of the solution on the wafer, the focus of the laser spot, the number of scan-
repetitions, the laser power and scanning speed were investigated and evaluated to find process 
parameters that result in small contact lines and high solar cell efficiencies. 
4. Experimental Results 
4.1. Impact of laser power on line width and nickel surface concentration 
First experiments were designed to find process parameter combinations that work on silicon solar 
cells. The scan speed at different laser power densities was investigated on planar Si surfaces to find out 
about the resulting line width and the deposited nickel in weight percent. The results are presented in 
Fig. 3. The graphs show that the line width and the nickel deposition rate increase dramatically by 
lowering the scan speed, as a result of raising the energy density in the reaction zone. It should be noted 
that the nickel concentration was measured by EDX, allowing a qualitative measurement rather than a 
quantitative one. 
 
Fig. 2: Schematic experimental setup. The laser beam is directed by the scanner head and focused on the silicon wafer in the 
aqueous electrolyte. 
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Fig. 3: Results for scan speed vs. line width experiments (left side) and scan speed vs. nickel on surface experiments (right side). 
The applied laser power was 7 W (green curve), 10 W (red curve) and 13 W (black curve). As expected the line width increases 
significantly by lowering the scan speed (left side). The right side of the figure illustrates how nickel deposition rate increases 
significantly by lowering the scan speed. 
The most promising results where transferred on textured surfaces (see Fig. 4). The SEM image of the 
nickel seed layer on textured surface shows that the texture pyramids are molten and it can be assumed 
that a typical industrial emitter of 0.3 μm is destroyed by the process. This would lead to severe shunting 
problems of the final solar cell. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Cross section SEM image of nickel seed layer on textured surface produced at 7 W and a scan speed of 100 mm/s. The 
texture pyramids are molten and the 0.3 μm thick emitter is probably destroyed. 
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4.2. First Solar cells results 
For the next experiments the laser power was adapted for textured surfaces. Different solutions were 
tested. Industrial type of solar cells on p-type Cz-Silicon wafers with random pyramid texture, 85 ȍ/sq 
emitter, SiNx passivation and Al-BSF rear side metallization, size of 156x156 mm2 were cut into 10 cm2 
cells to be used for the following experiment. Images of the processed cell front and rear side can be seen 
in Fig. 5.  
 
Fig. 5: Image of silicon solar cell front side after LCMD process and subsequent Ag- plating (left side) and solar cell rear side with 
Ag solder pad (right side) 
Fig. 6 shows the resulting cell efficiencies for a laser power variation experiment with two different 
electrolyte concentrations. When the laser power is too low, no seed layer can be created and efficiency 
cannot be measured (cells processed with laser power lower than 3 W were excluded from the diagram). 
Otherwise, when the laser power is too high the silicon solar cells are damaged by the process (see pseudo 
fill factor (pFF) in Fig. 7 (left side)) and cannot reach high efficiencies. The highest solar cell efficiencies 
reached in this experiment up to 17.1 %. Table 1 shows the result for this solar cell in detail. They were 
produced at laser power of 3.5 W. Fig. 7 (right side) shows the seed layer of the cell that has an efficiency 
of 17.1 %. It can be seen that mainly the tips of the texture pyramids are covered with nickel seeds. It is 
remarkable that this small amount of nickel already was sufficient to contact the solar cell. Furthermore, 
Fig. 6 illustrates that working with a higher electrolyte concentration does not necessarily lead to better 
solar cells. The solar cells produced with the electrolyte concentration A) all turned out to have higher 
efficiencies than the solar cells produced with the electrolyte concentration 1.5 times A). 
As already shown by Knorz in [13] in case of the textured surfaces the laser power is concentrated in 
the tip and the edges of the texture pyramids. Because of that it is extremely difficult to get a 
homogeneous metal seed layer, while not melting away the pyramids (see Fig. 4) and therefore damaging 
the solar cell emitter. Furthermore, the minimum laser energy density required for the process is 
extremely reduced when working on textured wafers. While trying to minimize damage of the solar cells 
by the process, the laser energy density was chosen closely above the threshold energy for metal 
deposition. As a result Nickel seeds were mainly located at the tips and edges of the texture pyramids. 
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Fig. 6:  (left side) Development of efficiency after 20 and 30 minutes Ag plating for solar cells with seed layer produced at 
electrolyte concentration 1.5 times A. (right side) Efficiency of the solar cells after 20 and 30 minutes of Ag plating for solar cells 
with seed layer produced at electrolyte concentration A. 
Table 1: Solar cell results of cell produced with the LCMD process at 3.5 W laser power 
JSC [mA/cm2] VOC [mV] FF [%] pFF [%] Ș [%] 
37.9 608.7 73.9 79.9 17.1 
 
            
Fig. 7: (left side) Pseudo fill factor degradation with increasing laser power for the LCMD process. The decrease of pFF is caused 
by the damage of the space-charge region when too high laser power density is applied. (right side) SEM image of seed layer for 
front side contact finger of solar cell with 17.1% efficiency (before Ag-plating), produced with laser power of 3.5 W and scan speed 
of 300 mm/s. 
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Fig. 8: Cross-section SEM image of contact finger after Ag plating with line width about 40 μm. 
4.3. Impact of the number of the laser scans on the structure of the seed metal layers 
To achieve a more homogeneous seed layer the number of laser scan repetitions was raised. By that it 
was possible to work at the minimum required laser energy density and still produce a more continuous 
seed layer. In  
 
Fig. 9 SEM images of different metal seed layers are illustrated. The seed layer in image A: was 
created with 10 scan repetitions; The seed layer in image B: was created with 100 scan repetitions. The 
images show that it was possible to create a more continuous and homogeneous seed layer by raising the 
number of scan repetitions from 10 to 100. At the same time the pyramid structure was not destroyed, 
which indicates, that no or little damage was introduced to the solar cell. 
 
 
   A:                                       B: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: SEM images of different nickel seed layers. The seed layer in image A was produced with 10 scan repetitions. The seed layer 
in image B was produced with 100 scan repetitions. 
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4.4. Adhesion of the processed contacts to silicon surface 
Increasing the number of scans also seems to have a positive effect on the adhesion of the galvanic 
plated layer on top of the seed layer. Table 2 shows the results of a scotch-tape test on the seed layer and 
after the galvanic step on the Ag- plated layer. No adhesion problems could be observed for the seed 
layer. The Ag fingers that were plated on seed layers produced with 10 scan repetitions mainly showed 
adhesion problems, whereas the majority of Ag- plated fingers on higher scan repetition passed the tape 
test. Please note that all reported results are for cells, which have not been thermally annealed. The low 
temperature thermal anneal may further improve the adhesion by forming the nickel silicide layer. 
Table 2: Adhesion results of scotch-tape test 1 (on seed layer) and tape test 2 (after silver plating step) in comparison to the number 
of scan repetitions for LCMD process. 
 
Solar 
cell 
number 
Number of scan 
repetitions 
Tape test 1 
on seed 
layer 
Tape test 2 
after Ag 
plating 
Z004 10 Passed  Passed  
Z008 10 Passed Failed 
Z016 10 Passed Failed 
Z019 10 Passed Failed 
Z020 10 Passed Failed 
Z021 10 Passed Passed 
Z022 10 Passed Failed 
Z061 30 Passed Passed 
Z062 30 Passed Passed 
Z063 50 Passed Failed  
Z065 50 Passed Passed  
Z066 50 Passed Passed  
Z067 100 Passed Passed 
Z068 100 Passed Passed 
Z069 100 Passed Passed 
Z070 100 Passed Passed 
Z071 100 Passed Passed 
Z082 100 Passed  Passed  
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Table 3. Fig. 11 shows the results of the EQE, IQE and reflexion measurement of this cell. 
 
4.5. Best solar cell results 
Finally new solar cells were produced with electrolyte solution A) at 3.5 W, 300 mm/s and 100 scan 
repetitions.  
The same p-type Cz-Silicon wafers as in the previous experiments were used. The area of the rear side 
Ag- contact pads has a negative influence on the measured Voc of the used wafers. This is due to the 
missing BSF and makes characterization difficult. The new solar cells were cut in a way that they do not 
have Ag- contact pads on the rear side. The size of the new cells is 13.5 cm2. For the subsequent galvanic 
step, Cu-/Sn- light-induced plating was used [8]. Fig. 10 illustrates the front and rear side of the processed 
solar cell after Cu-/Sn- plating. Solar cells with efficiency Ș = 17.9 % were produced. The I-V and 
SunsVoc results can be seen in 
Table 3: Solar cell results of the best cell created with the LCMD process. 
JSC [mA/cm2] VOC [mV] FF [%] pFF [%] Ș [%] 
37.8 636.8 74.4 79.5 17.9 
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Fig. 10: Image of silicon solar cell front side (left) and rear side (right) after LCMD process and subsequent Cu-/Sn- plating. No Ag 
solder pad on the rear side of the solar cell. 
 
Fig. 11: EQE, IQE and reflexion results of solar cell processed with LCMD and efficiency of 17.9 % 
 
5. Conclusion 
The Laser Chemical Metal Deposition process in combination with galvanic plating is a promising 
alternative for metallization of silicon solar cells. Using the LCMD-Process it is possible to create 25 μm 
wide nickel seed layer structures for front side contacts of textured silicon solar cells (see  
 
Fig. 9). After the galvanic step the contact width ends up in a 40 μm wide line (see Fig. 8). The 
industrial type textured Cz solar cells with efficiency Ș = 17.9 % were obtained in this preliminary study. 
This clearly demonstrates the potential of the LCMD-process for processing of high-efficiency silicon 
solar cells.  
The grid pattern is defined directly by laser-opening of the SiNX layer, because of that, no additional 
masking layer is necessary for this process step. The process parameters must be chosen very carefully, in 
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order to realize metal deposition, but at the same time not destroying the solar cell. Especially working on 
textured cells is challenging for the choice of the process parameters. 
Additional investigations will be performed with an advanced experimental setup for better control of 
process parameters in order to reduce the damage of the emitter, create standard size solar cells, speed up 
the process and reach higher efficiencies. Furthermore, characteristics like adhesion and long-term 
stability will be investigated. 
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